The aim of this article is to determine the association between left atrial appendage (LAA) regional dysfunction using image-based motion-estimation computed tomography (CT) (iME) and a prior history of stroke or transient ischaemic attack (TIA) in patients with atrial fibrillation (AF).
Introduction
Atrial fibrillation (AF) is associated with a five-fold increase in stroke risk and accounts for one in four strokes in those aged 80 years or older. 1 The current paradigm to estimate the risk of AF-related stroke is the CHA 2 DS 2 -VAS C scoring system based on age, sex, and comorbidities, and oral anticoagulation (AC) is recommended for those with a CHA 2 DS 2 -VAS C score of 2 or greater. 2 However, as high as 12% of those with a score of 0 or 1, who would not be indicated for AC, can develop thrombi in the left atrial appendage (LAA), 3 which is the most common site of intracardiac thrombus. 4 In addition, a recent study has reported that as high as 14% of those with a score of 1 can develop stroke over 5 years, 5 which is significantly higher than previously estimated. Furthermore, the CHA 2-DS 2 -VAS C system does not protect individuals with subclinical AF, in whom stroke can be the first manifestation of AF. 6 Clearly, there is an urgent need for an improved risk-stratification paradigm based on an improved mechanistic understanding of AF-related cerebrovascular events, including stroke and transient ischaemic attack (TIA). Recent evidence suggests that AF may be an epiphenomenon of underlying atrial fibrosis. 7 Previously, we have shown that the degree of LA regional dysfunction is correlated with the extent of underlying fibrosis quantified by late gadolinium enhancement (LGE) magnetic resonance imaging (MRI). 8 We have also shown that depressed LA regional function by motion-tracking cardiac MRI is associated with a history of stroke or TIA in AF patients. 9 These results are supported by a prospective cohort study by Wong et al. 10 These data strongly suggest that LA regional dysfunction and resultant thrombo-embolism may play a key role in the pathogenesis of AF-related cerebrovascular events, which may be preventable. Recently, we have validated a novel image-based motion-estimation computed tomography (CT) (iME) 11 to quantify atrial regional function. 12 iME is similar to three-dimensional (3-D) speckle-tracking imaging that takes advantage of both the non-invasive nature and the high spatial resolution of CT images. The aim of the study was to examine the association between the LAA regional function and the history of stroke or TIA in patients with a history of AF using iME.
Methods

Study population
A retrospective, single-centre, case -control, cross-sectional study was performed within a longitudinal, prospectively enrolled database for all the patients referred to the Johns Hopkins Hospital for catheter ablation of AF to study the association between the LAA regional function and a prior history of stroke or TIA. Because iME requires CT images acquired by retrospective ECG gating, we included the patients referred for AF ablation and underwent pre-ablation CT between 2005 and 2007, during which retrospective ECG gating was the standard of care. Patients who were in AF at the time of CT scan were excluded. In this data set, we identified patients with a prior history of stroke or TIA at the time of the pre-ablation CT (stroke/TIA group, n ¼ 18). In the same data set, the same number of age-and gender-matched patients without a prior history of stroke/TIA was also identified as a control group. All patients (n ¼ 36) underwent a pre-ablation CT scan during sinus rhythm using a 64-slice multidetector CT scanner (Aquilion 64, Toshiba America Medical Systems, Inc., Tustin, CA, USA), which was the state of the art at the time of acquisition. All patients gave an informed consent to be included in the prospective patient database prior to the pre-ablation CT, and the protocol was approved by the Institutional Review Board at the Johns Hopkins Medical Institutions.
Reconstruction of CT images
The volumetric CT images were reconstructed from the raw projection CT data at each cardiac phase (0 -95% R-R with 5% increment, a total of 20 cardiac phases per R-R interval). The reconstructed image matrix size was 512 × 512 × 280 -400, and the spatial resolution was 0.5 × 0.5 × 0.5 mm 3 with a field of view of 256 mm in all cases. The reconstruction was performed in a consistent manner in all cases and took 60 -90 min per case, depending on the slice numbers in the axial direction.
Estimation of motion vector field
The detailed method of motion vector field (MVF) estimation by iME was described previously. 11 Briefly, the iME algorithm estimates MVF using four-dimensional (4-D) (3-D + time) non-rigid registration with cubic B-splines between the reference phase and all the other phases ( Figure 1) . The technique is similar in concept to the 3-D speckletracking imaging. The cost function consists of a sum of squared weighted differences as well as spatial and temporal regularization terms. A nested conjugate gradient optimization algorithm was applied to minimize the cost function. Using a GPU-based parallel computing platform, MVF estimation took 2 -3 h per case (2.0 GHz Intel Xeon, 4 GB RAM, 6.5 TB hard drive, 3 GB NVIDIA Tesla C2050).
Calculation of LAA regional function
The endocardial surface of the LAA was manually segmented by an experienced operator with a consistent window level and width parameters using a 3-D volume-rendered image and the scissor editing tool in a DICOM viewer (OsiriX 64-bit) ( Figure 1 ; Supplementary data online, Movie S1). Custom programs in MATLAB (MathWorks Inc.) were used to perform surface rendering with triangular mesh from the segmented DICOM images, and the relative change in the area from the ventricular end diastole (0% R-R) to other phases of interest, called area change ratio (%), was calculated for each mesh triangle at each cardiac phase to assess 2-D surface deformation over time. 12 Area change ratio is a 2-D equivalent of a strain, often referred to as area strain, and is clinically used to measure regional myocardial function in 3-D speckle-tracking echocardiogram. 13 Compared with traditional, one-dimensional indices of myocardial deformation, area change ratio is more sensitive, has a higher signal-to-noise ratio, and is highly reproducible. 14 In addition to area change ratio, another index called area change rate, a time derivative of area change ratio, was also calculated to assess the rate of 2-D surface deformation over time.
LAA mechanical indices
The area change ratio was averaged over the entire LAA endocardial surface. A positive and negative area change ratio indicates myocardial relaxation and contraction, respectively, with respect to the reference configuration at the ventricular end diastole defined as the peak of R wave on surface ECG. LAA minimum (A min ), maximum (A max ), and pre-atrial contraction area change ratio (A preA ) were determined from the time course of area change ratio ( Figure 2A) . Similarly, LAA ARs during left ventricular (LV) systole (AR S ), LV early diastole (AR E ), and LA contraction (AR A ) were determined from the time course of AR ( Figure 2B ). In the cases in which A preA was not precisely determined from the time course due to a depressed function, it was estimated from the average time course of all the cases.
LAA characteristics
Minimum LA volume (mL) was calculated from the segmented CT images excluding the LAA at LA end-systole (0% R-R). Previous studies reported a significant association between the LAA characteristics and a prior history of stroke. 15 -17 According to these studies, the LAA morphology was classified into four types: 'chicken wing' (a dominant single lobe with a clear single bend after the initial origin of the LAA with or without secondary lobes or twigs), 'cactus' (a dominant central lobe without any bend, with secondary lobes extending from it), 'windsock' (a dominant central lobe of significant length with more than one bend or with long secondary lobes arising from it), and 'cauliflower' (an irregularly shaped LAA with loss of the dominant lobe soon after the origin with multiple secondary lobes) 15 -17 ( Figure 3) . Similarly, the extent of LAA trabeculations was classified as 'mild' (minimal or no indentation), 'moderate' (indentations in part of the LAA wall with minimal or no indentations in the rest of the LAA wall), and 'extensive' (marked indentations all over the LAA wall with no intact regions). 17 Based on our previous study, 17 the LAA orifice diameter was defined as the largest measurement of the LAA orifice at the insertion into the LA in any multiplanar reconstruction plane at 40% R-R, which is approximately the phase of maximum LAA expansion.
Reproducibility
The measurement of LAA regional function parameters is semiautomatic, and the only human input required is image segmentation A. Al-Issa et al.
of endocardial contour of the LAA in the reference cardiac phase (0% R-R). The subsequent procedures are all automatic. The intra-and interobserver reproducibilities of the LAA regional function parameters were studied in 10 randomly selected patients (5 stroke/TIA and 5 control patients) by one investigator who made two independent measurements and by two other investigators who were blinded to the other investigator's measurements and to the patient group (stroke/TIA vs. control). The bias (mean difference) and limits of agreement [1.96 standard deviation (SD) of difference] between the first and second measurements were determined by the Bland -Altman method. Intraclass correlation coefficients (ICCs) were also assessed to evaluate the reproducibility. 
Statistical analysis
LAA characteristic and mechanical indices
LAA surface deformation over time in a representative patient with and without a history of stroke/TIA is shown in Supplementary data online, Movies S2 and S3, respectively. In the movies, the motion of each point in space reflects the changes of motion vector over time, equivalent to 4-D motion vector field of the LAA. There was no significant difference in the LA volume or LAA morphology between the stroke/TIA group and the control group (P , 0.05, Table 2 ). Significantly more patients had extensive LAA trabeculations in the stroke/TIA group when compared with the control group (50 vs. 16.7%, P ¼ 0.02). There was no significant difference in LAA orifice diameter between the stroke/TIA group and the control group (1.9 + 0.5 vs. 2.2 + 0.5 cm, P ¼ 0.15) ( Table 2 ). The average area change ratio and AR with and without a prior history of stroke are shown in Figure 2 . LAA mechanical indices are shown in Table 2 .
In the stroke/TIA group, A max (23.8 + 33.0 vs. 52.9 + 41.2%, P ¼ 0.02) and A preA (13.7 + 17.7 vs. 30.9 + 29.2%, P ¼ 0.04) were significantly lower than those in the control group, respectively. There was no significant difference in the AR between the stroke/ TIA group and the control group (P , 0.05, Table 2 ).
Univariate and multivariate analyses Table 3 summarizes the univariate and multivariate analyses regarding the association between the CT-based parameters and a prior history of stroke/TIA. In Model 1, univariate analysis identified lower area change ratios (A max and A preA ) and extensive LAA trabeculations as significant contributors to a prior history of stroke/TIA. In Model 2, A max and A preA remained significantly associated with a prior history of stroke/TIA after adjusting for CHA 2 DS 2 -VAS C score prior to stroke/TIA, whereas extensive LAA trabeculations did not. In Model 3, A max and A preA remained significantly associated with a prior history of stroke/TIA after adjusting for CHA 2 DS 2 -VAS C score prior to stroke/TIA and extensive LAA trabeculations.
Reproducibility of measurements
Image segmentation using a DICOM viewer took one observer 15-20 min per patient. The intra-observer ICC was between 0.97 and 0.99, and the inter-observer ICC was between 0.92 and 0.99 for all measured LAA parameters from iME ( Table 4) .
Discussion
LAA regional function and stroke/TIA
We found that the LAA regional dysfunction using iME was independently associated with a history of stroke/TIA. This association remained significant after adjusting for all the relevant patient characteristics, haemodynamic parameters, and other recently proposed LAA characteristic indices including the morphology, orifice size, and trabeculations. 15 -17 This finding is supported by previous studies, which have shown that depressed LAA global function assessed by 2-D TEE, such as emptying fraction and flow velocity, is associated with LAA thrombus 3 and stroke. 19 The significance of this study is that iME allowed non-invasive, 3-D quantification of LAA regional function, which would otherwise be challenging owing to its complex anatomy. The measurements of LAA regional function by iME were highly reproducible ( Table 4) . Non-invasive evaluation of LAA regional function is clinically important because now the individuals with AF have a percutaneous option to reduce the risk of cerebrovascular events with LAA closure devices. Data are expressed as mean + SD or as n (%). LAA, left atrial appendage; A max , maximum area change ratio; A preA , pre-atrial contraction area change ratio; AR S , area change rate during LV systole; AR E , area change rate during LV early diastole; AR A , area change rate during LA contraction.
Mechanistic implications
Recent evidence suggests that AF may not be the cause but a manifestation of underlying fibrotic atrial cardiomyopathy, and the resultant atrial dysfunction is responsible for thrombo-embolic events such as stroke/TIA. 7 This suggests that the individuals may not necessarily have to have AF to be at a high risk for stroke/TIA. Instead, atrial fibrosis and atrial dysfunction may be a promising biomarker of stroke risk. As the LAA is the most common site of intracardiac thrombus, 4 it is most reasonable to quantify the fibrosis or resultant regional dysfunction of the LAA. Atrial fibrosis can be quantified by cardiac LGE MRI, 23 but due to the low spatial resolution of MRI, atrial fibrosis imaging of the LAA is technically challenging. Quantification of LAA dysfunction using cardiac MRI is also technically challenging because of the low spatiotemporal resolution. 24 TEE is the gold standard to assess the global LAA dysfunction but is semi-invasive, and the assessment is mostly limited to 2-D views. In contrast, iME can non-invasively quantify the LAA regional dysfunction. More importantly, it can easily be implemented to clinical settings at any institutions, because iME is an image processing method and does not require any special hardware.
Clinical implications
Our results showed a significantly depressed LAA regional function using iME in patients with a history of stroke/TIA where there was no significant difference in the CHA 2 DS 2 -VAS C scores between the stroke/TIA group and the control group ( Table 1) . Our results provide a rationale for an improved risk-stratification paradigm using non-invasive imaging for assessing the risk for AF-related cerebrovascular events and justify studies to evaluate screening and more effective prophylactic interventions such as AC and/or LAA closure/excision to prevent AF-related cerebrovascular events in those at a higher risk, while avoiding the complications and the cost of interventions in lower risk individuals. Table 2 .
Limitation
Because this is a single-centre, retrospective study with age-and gender-matched control, there is a non-negligible potential for selection bias. The sample size was relatively small, which could also have contributed to selection bias. A small number of patients had had previous AF ablation procedures prior to the CT scan ( Table 1) , but as AF ablation does not target the LAA, we do not believe that it has confounded the LAA function in either group. The AC status at the time of stroke/TIA is not available from the medical record, but because only one patient had the CHADS 2 score (standard riskstratification paradigm at the time of the procedure) of 2 prior to stroke/TIA, we believe that the vast majority of patients were likely not on any AC at the time of stroke/TIA. The effective radiation dose was high in our study (22.5 + 3.9 and 18.9 + 6.1 mSv for the stroke/TIA and the control groups, respectively), but this is because we intentionally selected the individuals who received preablation CT with retrospective ECG gating, which was the standard of care at the time of the procedure. With the current state-of-the-art multidetector CT scanner, the LAA regional function analysis using iME can be performed with a radiation dose of ,1 mSv using a low-dose cardiac functional CT protocol with retrospective ECG gating. The temporal resolution of iME is lower than that of TEE, because it is limited by the time required for image reconstruction, which is 160 -170 ms with the previous generation of multidetector CT scanner that was used in this study. Therefore, it is possible that our data underestimated the LAA regional function. However, both the stroke/TIA group and the control group used the same scanner, and there was still significant depression of LAA regional function in the stroke/TIA group. This suggests that iME applied to the state-of-the-art scanner with higher temporal resolution would more sensitively detect the difference in the LAA regional function. The temporal resolution for our current scanner is 138 ms for one-beat, 69 ms for two-beat, and 46 ms for three-beat imaging. Another approach to improve the temporal resolution is to use a dual-source CT, which has a temporal resolution of 75 ms for one-beat and 37 ms for two-beat imaging. 12 In conclusion, LAA regional dysfunction is significantly associated with a prior history of stroke/TIA in patients with a history of AF. Our results offer a basis for a prospective study to determine the role of LAA regional dysfunction by iME in predicting stroke or TIA.
Supplementary data
Supplementary data are available at European Heart Journal -Cardiovascular Imaging online.
